
FINAL TECHNICAL REPORT

ON

SONOGELS IN THE PREPARATION OF ADVANCED GLASS AND

CERAMIC MATERIALS

(Grant n * AFOSR-89-0533 A)

for the period September 1, 1989-August 31, 1992)

Submitted to AIR FORCE OFFICE OF SCIENTIFIC RESEARCH

by pfer J. 7ARZYCKIrbda Investigator

Laboratory of Science of Vitreous Materials
F; verive of Moxtpieler H; France

n-:nt hw been apoppov"e
m fwei". nao nekA *n .l h .a..._ _ _ _ _ _ _ _ _ __...



'-I
I
!
!

j FINAL TECHNICAL REPORT

ON

SONOGELS IN THE PREPARATION OF ADVANCED GLASS AND

CERAMIC MATERIALS

(Grant n * AFOSR-89-0533 A)

for the period September 1, 1989-August 31, 1992)

Submitted to AIR FORCE OFFICE OF SCIENTIFIC RESEARCH
I

by Professor J.ZARZYCKI
Principal Investigator

Laboratory of Science of Vitreous Materials
University of Montpellier H; France

Acces.iori F"r

l +,~~~~~B .... ... ........ .................... i""

D TIc q C L;?t

IDictnbst~o4

I A .,-1 H+y••J,

I



SJRITY CLASSIFICATION OF THIS PAGE ,

fom Approved
REPORT DOCUMENTATION PAGE OMB No. 070.4-0188

N REPORT SECURITY CLASSIFICATION lb RESTRICTIVE MARKINGS

UNCLASSIFIED
3 SECURITY CLASSIFICATION AUTHORITY 3. DISTRIBUTION/AVAILABILITY OF REPORT

Approved for Public Release,
DECLASSIFICATION IDOWNGRADING SCHEDULE Distribution Unlimited.

FERFORMING ORGANIZATION REPORT NUMBER(S) S. MONITORING ORGANIZATION REPORT NUMBER(S)

NAME OF PERFORMING ORGANIZATION 6b. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION
Universitg des Sciences et (If applicable) European Officef Aerospace Researrh
Techniques du Languedoc and Development.

c ADDRESS (City, State, and ZIPCode) 7b. ADDRESS (City. State. and ZIP Code)
Place Eugene Bataillon Box 14
MONTPELLIER 34095 Cddex 05, FRANCE FPOINY 09510-0200

NAME OF FUNDING /SPONSORING l8b. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER

ORGANIZATION AIR FORCE OFFICE (If applicable)

OF SCIENTIFIC RESEARCH NC NC-_______- __"__-_______

ADDRESS (City; State, and ZIP Code) 10. SOURCE OF FUNDING NUMBERS

PROGRAM PROJECT TASK WORK UNIT
Bolling AFB, DC 20332-6448 ELEMENT NO. NO. NO ACCESSION NO.

61102F 103
TITLE (Include Security Classification)

-SONOGELS IN 7IE PREPARATION OF ADVANCED GLASS AND CERAMICS
PERSONAL AUTHOR(S)

S-4. Ze L ,.i(L
3a. TYPE OF REPORT 13b. TIME. CVERED . 14. DATE OFREPORT (Year, Mont.Day) 15. PAGE COUNT

FL FROM 81/1. TO9/ . 1992/10/20 1 16

SUPPLEMENTARY NOTATION

COSATI CODES 18. SUBJECT TERMS (Coninue on revere Nf necessiry and identify by block number)
FIELD IGROUP SUB-GROUP

GELS-ULTRASONICS-ULTRASTRUCTURE-CERAMICS-COMPOSITES.

i ABSTRACT (Continue on reverse if necessary and identify by block number)

I- Ceramic-ceramic composites for mechauical applications

tritrasonic irradiation of mixtures of alkoxides :and wter (the sonocatalytic method) as
shown to provide an interesting way of preparing matrices for ceramic-ceramic composites.
The gelation speed of the "sonogels" can be mfficiently controlled to avoid the segregation
of short Al 0 or ZrO fibres used as fillers. Highhmogeneity dispersions were produced in
this way an ensty of samples increased. In the caseof cordierite, 5 Si02,10 2Mj0
matrices the strength of the composite strongly depends(on the type of crystaliograp ic
phase, u-cordierite which is converted into cs-cordierite by -a thermal,:reatment.
Hot-pressing proved necessary, however, to obtain samples with sufficient nechanical strengthA substantial increase in the resistance was obtained by the addition of optimal .quantity ofI
TiO2 nucleant in precursor form to the starting cordierite sonosol. This method enables the
hot-pressing to be performed while the matrix is in a glassy form, which improves the

20. DISTRIBUTION /AVAILABILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION
I :IUNCLASSIFIEDAUNLIMITED 0 SAME AS RPT. 0 OTIC USERS qfI(011/f 4
NAME OF RESPONSIBLE INDIVIDUAL 22b. TELEPHONE (Include Area Code) 22c OFFICE SYMBOL

THOMAS E. ERSFELD. Cart, USAF (202)767-4963 Code)

1rf Form 1473, JUN 86 Previous editions are obsolete. SECURITY CLASSIFICATION OF THIS PAGE

I, UNCLASSIFIED



Abstract (continued):

compaction by viscous flow. A subsequent thermal treatment is used to
convert the "seeded" glass matrix into fine-grain glass-ceramic. The
mechanical strength depended on the volume fraction of the filler phase
(fibres). The best results obtained were : 105 MPa for cordierite-ZrOz
fibers and 158 KPa for cordierite-A1203 fibers composites.
Especially interesting results were obtained infiltrating ZrOz ceramic
felts by a cordierite "sonosol" and subsequent hot-pressing of multiple
layered samples. The maximal mechanical strength obtained was 139 Kpa for
the specimens treated at 1250*C for 6 hours.
The samples showed a very uhiform infiltration. Further strength
improvements could be made by optimizing the interfacial bond between the
two ceramic phases.

SIt
II- Gels containing CdS nanoparticles for optical (non linear) applications

The sonocatalytic process was shown to lead to gels with a fine and
uniform porosity. The chemical reactions in the pores enabled CdS
nanoparticles to be produced by a gas diffusion method. The particles were
in the 5-10 nm range and were studied by a variety of physico-chemical
methods (higbh-resolution-transmission electron microscopy (HRTEM), small
angle X-ray scattering (SAXS) and Raman spectroscopy. The optical
transmission spectra showed the characteristic blue shift as a function of
particle size, 'as predicted by the theory. The optical quality of the
samples was substantially improved by an infiltration method using a
"sonosol" which sealed the superficial pores and thus ensured higher
longevity and permitted easy polishing of the samples.
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The sol-gel technology for preparing ultrahomogeneoust

glasses and ceramics constitutes an alternative r"oute to the

method of making glasses from oxide melts.

A significant part of sol-gel research is devoted to

ceramic applications where high mechanical strength at

elevated temperatures is required. Ceramic-ceramic composites

are potentially interesting in this respect but the

conventional techniques introduce a variety of problems of

homogeneity and purity of final products which have hampered

their development. These materials constitute an outstanding

example of the need for applying more sophisticated chemistry

to their processing.

The chemical reactions used in the sol-gel technology for

preparing ceramics are illustrated by the hydrolysis of an

alkoxysilane:

Si(OR)4 + 2H20 - --- > SiO2 + 4ROH (1)

The hydrolysis reaction is generally obtained i t the

presence of a common alcoholic solvent for the alkoxid-e arid

water to prevent immiscibility phenomena.

Recent studies [1] based on the application of ultrasonic

radiation to the sol-gel process have shown that high density

"sonogels" wich have a larger specific surface than those
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observed for cl]assical gels could be obtained by this method.

The ultrasounds are applied during the hydrolysis of the 61

precursor alikoxide thereby avoiding the use of a so] vent

.Moreover thie ultrasonic dose constitutes an additional

parameter to control the final texture of the gels.

The characteristics of sonogels should therefore

constitute a substantial advantage for sintering at lower

temperatures in comparison to materials obtained by classic

sol-gel techniques applied to ceramic composite processing.
I.

The sonocatalytic approach has recently been used for

preparing composites of the SiO2-SiO2 system [2] introducing

fine silica particles (Aerosil) into a SiO2 "sonosol".

In our research programme cordierite (5SiO2 2A1203 2MgO)

was selected for preparing the ceramic matrix of the

composites , because of the low coefficient. of thermal

expansion (10-6-10-7) and relatively high mechanical strength

(;200 -300 MPa) of this compound . We studied its fabrication

by the sonogel route and investigated the effect of the

addiLion of TiO2 on the nucleation and crystalization process

The Siflz-TiO2 system which posseses a very low and linear

exparison co(,fficuient which can be close to zero , was also

rco-siierc',. a- an interesting possibility for use as a ceramic

mat. i x i n1 t he processing of composites Work reported

el sewhere [3] has demonstrated the possibility of preparing

homnogeneous Si02-TiO2 sonogels whith 1-15 mol % Tie2. Its

'On%, i•n o int.o an aerogel has also been reported [3]. 1
I _I



To CI stI i to ccrami-cernmic uomposit.s different

reinforc 'i ig phases were usedi ini the form of ZrO2 and A1203

short fibres and of ZW02 a•r, A]20a c(eramic" felLs [4].

As shown by recent. works [5] using SAXS measuremento. on

SiO2 sonogels , they posess an extremely fine porosity , t he

size of pores being of the order of 20 .5 This has suggested

their use an;, matrices f0,r prepa-rirng composi tes containi rig

smaI I- si zed part. icles by chemical prec i pi tation wi t.h i n the

pores.

In the present work a method is proposed for preparing an

small-sized CdS particles phase dispersed in a SiO2 stabilized

sonogel host-matrix.

This worlj is nlot i vit ed by recent. experimental inlterest

concerned w i .h the opt i ca " properties of sma I1 (<',00 .5)

semi conduc t.o r mic r'ocrystLa I s. The interest stems from the

opt i cal behaviour obse rx ed when the c rys Il I i te size becomes

sifficiently small enough t o restrict the allowable electronic

energy levels. The qmu:antuirm corifi n;emcnt efects lead to

i n (,I vr-s in n appj I cat, ioni i n i fielde of inon-l inear opt ics.
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2. REVIEW OF Ist AND 2nd ANNUAL REPORTS
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2.1. OBJECTIVES

The maain object. ivc;s of t hi s work were to "va I1 ae

experimentail ]y the app! i ca-t, .i I i t:Y of "so nogels" a P rct ru sor

materials for two kinds of advanced composite materials:

I.Ceramic-cer'am ic re fractory composites with high mechanical

strength

TI.Inorganic composites for non-linear optical applications.

2.2. EXPERIMENTAL RESULTS OBTAINED

2.2.1. Ceramic-ceramic composites

2.2.1.1. Exporimental Pro cai i'es

Sonogel s of two differents typen , 5SiOz 2Al2O3 2MgO

(cordierite) and (100-x)SiOz- xTiOz (with x=1,5,10,15 and 20)

were prepa red.

Tel rae, hox• i I ] -rIn Si(OFt q (TEOS) was used as silica

Source , aluminium -e( - b"t ox ide AI (OBu" )i (ASB) for' alumina

magniesim naceal at Itrahydrat, Mg(Ac), 4H2O for magnesia and

tetrahut ] o('tho0! i rnt,. ' i ( lu )04 (TROT) for titania.

The oydiiml •i.+; ,a,' in ,of li ffrer . precursor alkoxides

I was anchiovu'd b0y s+Ull iI t i ng the a]lkox ides-water mixture to
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method t.he ot. her- i w se I(,(- e.,-ssa 'v ji r'es, ruc of A 0o111110net 1 o "

for, obtain i rt }omi oge-neou.s gt-l ;.. ;i\oi](d.

Highly homogeteoI s cre0a -,ir 111i c - e I. a III i C oIllo i tes we re

obtained by mechan cal Idi spers i or, of d i f' fc-r i'.c re I if1 ror'-'i rg

phases : ZrO2 , A120:3 and SiC in .the form of short fibre-- , in

cordieriite and silica-ti tanil ; Sono.sol0 - 1efo'-re, gelat i,_1'i eC ,,l

place. Volume fract-ion of the reirifforcing phase -,:as 50-CO % in

all cases.

The samples were dried by simple heat-trealment schedulec

using different soaking times and temperatures ( cf. ptreviotis

work).

Devitri fication of cordierite samples was controlled by

adding 1 7 or 11 wt % TiOz t.o the st.aritirg sonosrol in t he

precursor form (TBOT) . The heat. t rea t.-ineI sched I] e fo0-

devitrification was designed from di fe rent. ia I her-mo na I a s

studies combined with X-ray diffraction analysis.

Dried samp]es were densi fied in t. ( mo no] I th i c fo i;1 y

siuitering uip to 1400 ° F for- 24 hours.

Relat. ive densi tiesm; of samples aft.e,) si ntcri g varied from

50 % for S iMz -TiOz - based compos i tesý; Ito S0- 85 % fo j-

coinpos i tes i IIo] v i r 1 n rd i -t.i tev.

Thesowe 1ow el at I xe ,dens i 1i es werev cause.] by not,-dis i r'ed

L crystal] ization effects inl respect, ive matrices duiri rig the



sintering process and which could be substantial. 1 increser

Sonly in the case of the cordierite samples using hot-pressi,,ig

techniques.

The SiO2-TiO2 sonogels crystallized at low temperatures

(~700'C) impeding densification even when hot-pressing was

used because of the high viscosity of the glass developed in

this system.

The best conditions of densification for cordierite-based

composites were:

- 20-40bar pressure

- 15-60 minutes soaking temperatures between 700-1000 'C.

Fully densified cordierite glasses were obtained using

hot-pressing for 20 min. at 900 "C with 20 bar pressure with

relative densities up to 99%

Devitrification was found for samples treated at 950 'C in

the form of p-cordierite , a metastable form which transforms

t.o the high temperature a-cordierite ,a form stable at. 1000-

1050 'C and which is present up to the melting point.

(1465-C).

Devitrification of cordierite was found at lower

t.eniperatures (900 "C) when 11 % riO2 was present.
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Thl- e hieh ii j a I . t er ig th of the c ord i e rite matrix was

measured by the thhree-point bending test ; the highest value

(~100 MPa) was obtained for compositions containing I1 wt %

TiO2 with ji-cordierite form densified at 950°C.

This value dropped to - 40 MPa when a-cordierite was the

structur',A major form for a composition with 7 wt % TiO2 , the

sample being heat treated for 2 hours at 1150 *C.

Hot-pressed composites showed the same temperature

dependence behaviour that the isolated matrix.The highest

strengths (105 MPa) were obtained for a p-cordierite /( ZrOz

64 % vol ) composite and 160 MPa for a p-cordierite(Ti02 7%

wt)/(Al203 50 % vol) composite The maximal strengths

obtained for the same compositions when the matrix was in the

stabilized a-forn , following heat treatment , were 75 and 110a

MPa respec'tively.

These val ues were higher than those for cordierite-based

composites obtained by sintering monolithic cylindrical

samples , where mechanical resistance was determined by means

of Lh|• "brag.iliani" test. [6] , and which gave 35-40 MPa as the

maximal -;I en lh

II



2.2.2. Inorganic composites for Optical Applications

2.2. 2. 1 . E.periien L] Pr'oce•d•ure

SiOz sonogels were prepared from TEOS with a moilar rat.io

1:4:4 of TEOS:water:formaimide. A cadnzinu salt was added to the

sonosolution in different quantities (1,5,8,10,15,20,25,30 and

40 oio.1 % with resp)ect to SiOz

The ultrasonic dose applied was 200 Jcm-3 .

In some cases drying chemical control additives (DCCA)

other than dimethyl formamide (DMF) were used or the DCCA

omitted.

For comparison a classic gels were prepared with the same

compositions sonogels using EtOH 50 % vol /vol TEOS as common

solvent.

Gelation , aging and drying were effected at. 40 'C for

different soaking times.

CdS nanoprecipitates were formed in the gels by e[pos.ire

to SH2 vapours at 40 *C. Particles of 5-15 nm diameter were

observed by TEM for lhese sonogels samples

In order t.o obtain a physical 1ly stabil ized si] ica-CdS

sonogel , the sainpl es were' then stiperfi jial y impregnated with

a SiOz sonosol I hn gel ]i fid and dried again.

Final ly the s ,ur''faces we re pol i shed to ob ta i n1 optical I y

transparent. gel samples.



2.2.2.2. Optical Prperties

The optical absorption spectra of the di f fer'entl doped gel

indicated the presence of a sho ulde r at 440 n m hul t hey-

presented an insufficient optical density.

2.3. PREVIOUS CONCLUSIONS

I . The sonocatalytic method provides an alternative way to

conventional methods for preparing highly homogeneous ceramic-

ceramic composites.

2. In SiO2-TiO2 and cordierite systems successful sintering is

prevented by non-desired crystallization effects

3.1Hot-pressing constitutes an al ternative route to avoid

crystallization phenomena during sintering in the case of

cordierite sonogels.

4. Cordierite-based composites present relatively low strengih

because of the formation of porosity in the nuat ri . at

temperatures higher than 1000 "C dujp to the ip- cord ierite to

a-cordierite transformat. ion.

5. The addi tion of 7-11 wt. % of TiOz tIo cordiri ite sonogel s

brings about an increase of ,er-hanical resistanc.e of hot-

pressed samples.

4



\ ic f dn .1 r ;i i on of CdS pai-1 i c Ies carn bC (evd lO U i o;

Sin02 sonogel 1 1lt I'ix.

2.4. OBJECTIVES TO ACCOMPLISH

The main objectives to be accomplished were

Increase in the mechanical resistance for cordierit to

mat.rix and composites . This was attempted by increasing the

,rIroirnl. of the nucleant agent in order to develop a higher

concentration of TiO2 nuclei uniformly dispersed in the

innt. r' i x.

2. Preparation of new ceramic-ceramic composites by

infiltration of the ceramic matrix , in the sonosol precursor

form , into different ceramic felts.

3. Exper-imental evaluation of various precursors , and new

compositions for obtaining SiOz gels with a narrow pore size

d istribution in order to obtain favorable conditions for a

fine anrd homogeneoris dispersion of CdS particles.

1. Inpr'o'• i g of exJ)osure procedure to SH2 vapours in order,

I') de'elop Cds-doped SiO2 sonogels with higherr opt i co'I

(dorrn i 1'y.

5.- Imp)'o i rig st abi I i ty of SiO2 matri x in order to preveril

mechanical fai lure and optical transparency losses during

ag i ng.
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3. SYNTHESIS OF IMPROVED CERAMIC-CERAMIC COMPOSITES FROM

SONOGELS



New ceramic-cor-al-1; c comjpos- it e 1i.;t-e ri ills ;ýC~re j1l(jl J Lx

tinc reas in.- t.e ino iir it, of 'P 9G 1 i I eat 1 1! 11t

cordierite ceramics f from11 7 -11 wt. % in our prev ~i H.I-

to 15 wt. % . The f i I I er Y-e- rce added i in a \ c, Frauc on

varying from 10 to 6 0 % ho bt.h for 71-0.2 and ;1 In0 f 7;ra

Products) ceramic fibres.

-using other yreinforcing phases in the. form of 7'T02 (7YF-

100 ,Zircar Products) and A1203 (MAFTEC) ceramic felIts.

3.1 .Matrix Preparation

The ('ordieri te ceramic matri\ wais prepared a,, 4i s-(issed inl

the 2n d Aninual1 Report. and schematiz-ed i ii Figlirf 1.

In the preparat ion of cord ier-i te the follIoxi. i- r a!in

materijals pro-vided by FIT'KA were used

TFOS(Te-t-traet-lno\\ys ii ine) OR P (Si (OFt

ASB (Aluminum svc-bxuloxid-) ,prarl . 21 % Alz% 4, (.N (OPW )3

Magnes i 11mi aceta t.4, I (,t.rahlyd ra te 99 % , '. (U 0

* ~The nmialval ing agent. TiO2 (15 wt % ) was ;iidod to t-he

r'ordierjite soriosol in, the sol -prectir.sor form of 1I'lt abut yl



A J

ASB
2-MeOEtOH

AcH

TEOSI Us= 120 J cm: 3

* SOL A AczMg + 2MeOEtOH

24 hours I
room temp. Us = 48 J cm-z

SOL B

Us= 125 J cm 3l

[ SOL C

24 hours
room temp.

Us = 90 J cM=r
Hz 0

(pH = 2)

CORDIERITE
SONOSOL

Figure 1. Schematic route for preparing cordierite sonogels
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oi lho t it a naite (TBOT) bu- Fo r- hy d ro I ys is , ir orde z- to achieve a

f i ne-g 'a i ned c iv ta I 1 i --a t, i on by i iterna 1 nuc I ea l ion.

It. wa.s observed that, after hydrolysis reaction of solution

C t he t i me of ge(-Iat ion i ncreased by 10-100 t i mes , depending

on tFhe Ti02 Co1 r)eni , wh eo the ;oak i ng tn i me for C sol ut i on

var i ed from I t o 45 days Table I shows the in fluence on

t ge i of soaking n i me for C solution.

Table e

Soaking Time TiO2 (wt%) tgel T(°C)
of C-solution

24 h 0 30 m. 20
7 i0 M.

11 2 m
15 in situ

I week 0 1 h 20

7 15 M
11 10 m
15 5 m

1 month 0 7 h 20
7 5 h

11 4 h
15 3 h

In t1h1 pre-parat i on of composites with high volume

fract ions of h,1Io rein forc ring phase (>40 % ) and 11 - 15 wt %

Tie2 , we u.ed c-sonosol ut. ions 3 - 4 weeks aged in order to

avo:id ; tf;i:,.-t ela 1Iion intiduced hy the temperat ure increase

which oc,,' i,' r ,u r-ing t.h ( disp 'r-sion or filler's with a high

l'ot.altoyy bl,,ldor (ULTRATURRAX).



Amo rphoj:u w1h1 t1e ".)owdt Irs t.i I.h Iccrdlieri I.e conlpos it ion were

obtained from d r',i d oe C I o .. Dry i ng was e f fec ed up to 700 ýC

bo th if) th e ai i a nd t.en in oxyge Ii n al moher o accomnpl i sh

the total e in jr i.a o li o f o r'ga ri i c r e dsiT]ie t . ine- ,emperal i rei

program fo- I owed for dryi ng-curi ing i s shown i n Fi gure 2

Cal cined powders were compacted in a mould with a force of

4-6 ton C Compact pel lets of 13.2 mm diameter and 3-5 mm

thickness were produced ready for sintering in an electric

furnace.

Hot-pressing technique was used in order to achieve an

increase in final relative densities after densification .The

conditions for hot-pressing were 20-40 bar and 700 to 1000*C

These conditions were maintained for 15-60 minutes.

Final samples were obt.ained in a form of disks 26 mm in

diameter and 2-4 mm thickness

3.2. Processing of Composites

Two di fferent. methods were employed in i the preparation of

composites

S1. Dispersion of 7r'02 or' Al203 'erarnic fibOers (Zircar1

Product..s) into) cordierite ;ono.] ol.-,

2. lffilf rat. ion of the sonosol mat ri into Zr02 (Z 7F-100

7, Zirr'ar Pi'odiuc Is )or Al1203 (MAFTFC) cer;-,,mic felts

I, !



800 T (°C) 750oC

650 750 C

Heating rate

600 1 °C/min 4 h

450°C

400 4h

3002C

200o 200oC 4 h ,

14°°C/ 4 h

t (hours)

0 10 20 30

Figure 2. Sequence of steps followed for the elimination of
organic residues of cordierite sonogels and composites.



p2c. 1 s;,rsion of ItI(- FilI I rs

As wa,. reported in our previous work ( 1 st. and 2nd Annual

Ichnri cal .oport ) , short fibres of ceramic, compounds can he

easily di.scp;-orsed in a. low viscosity matrix obtained by the

so] -gel r)1,o ce- ss

'ord"i o. '--based composites samples wi I I be noted CZx

for c or nieri t.e/ZrO2 , and CAy for cordierite/A1203 composites

with x and y designing the volume fraction of ZrOz and A1203

fillers.

In this part of the study we used a high speed rotatory

blender (ULTRATURRAX TPl8/10) at 20,000 rpm which ensures a

high homogeneous dispersion of the fibres -through the whole

volume of the solution. At the same time , gelation of the

matrix is accelerated by the effects induced by the action of

high speed agitation.

The gelation time of the dispersed solution could be

controlled by adjusting the following parameters

- u I t rasori i c 'lost,

- Aigitat. ion dose

I 1 Ir.a or ic C doses used were a 450 Jcm-3 and the agitation

I i ,,l:-; empiloyed varied from 3-10 minutes which were equivalent.



t o 1 so- n j Jc for- v x I 14 nie of I5 c m- 2

temaperat ure of the solu tion reached 85°C.

GeI at. i o, t[ ook p1 nce at. 00*C and the t ime for th i s ,,;

Ai iutos.

Ag i ng was effected at 500 C for 24 hours in n -.,

c(onta i no .•-

Pry ing was carrlic out. for 48 hours at 100*C T,-.

specimens were heat-treated up to 700°C at a heati ng ra o- of'

I *C/ai n in O2 atmosphere , maintaining soaking ti u-

critical l emporatures. (See Figure 2.)

Final densification was achieved by sintering at 1-100°

for 41/2 hours for CZx composites ,( for higher soaking times

the matrix flowed with deformation of the whole sample) , or

by hot-pressing at 900-1000C and 20-40 bar fVT 10-30 minutes.

Sinateri ing of CAx composites gave low relative d-ns.it ics

even ior soaking times higher than 30 hours. How[0Ae ver

donsi fi cat ion by hot-pressing for the last compost es was

(.asily obtained in the same conditions as for CZx samnp les.

Forc " the :sake of compari.son a corddieri te glass obt.-iinot h5

diirtet. ,olt. ing from oxides provided by Corning Eu rope w'as used

It) pr'ept, o- o i w e- w j lj tho same' rei forc i ng phases.

For this , 100 g. of cordierite glass was mechani cally

ground for G hours in dirferenL, crushing-machines , ohbtinning

a1 f ino 1u)wdpr.



S.1i ivi Is C' ;;p*.iied-1. by do m li\ ri of 2 0 % vo . .A12 0

or- Z1.02 wi Ah the gI oss- powder an1)d d en ij- f i eait. ion 1 walS a Ch1ie(-v ed

byv 1c' 1 1i -eosi rigý i trI t I I e ,;ajne co n di t. i o:is 'i - f*o r s onoge Is.

Theso airo 1eswere very s'i iiiIl~iri t~o tfhose obtained hv sýo]-

go I '(el h rr i q lIe s brI t. p res ntLe~d a blai-c k colIour after, hot-press inrg

at900 'C ( twh i Lo foc)r sonogel s ) Th is wajs a t.tr ibuted to th le

pres~ence o f cor itairri nat. iion byv ox\id ized metali 1.i c part. c I es f row,

I Ie '1 - rj ing ie\ i (-C.;

Hot. isosteatic Press;ing (HIP) at. 1 400'k' was aflso errploy-ed

to conip]etc. si nterinrg i n CAY sampl es Fully- densi fied ceramic

comiposites were obtanined by this way.

3.2.2. TInfiltration of Ceramic Felts

The meit hod cons is5ted of four steps:

P~&pamation of ceramic mat~rix solujtion

2. Py-epa rat.i or. and gel at ion of the preform

Il ridj~CS rg

I7 .21 Pr' /*pti ii tlo of, fhe V.Ll t rii

The -;f, I ij I onI used was ai cord i eni te sonosol wi th x wI. %

T i 2 0 (*(17, 15)

Io.-n-urgoui ( 15 days,;) C-~o] I ut.i ors we re used f or i nf i.I trat ing

C I*ii;i 11 1 rit wli i ch) prov i ded a mo.0-Ot effec tive. penet.rai-tor) of

lieriiI r h'e~mse f te ow v iscos ity o f the Sol



II

.73 .2. f. (oIa1in r er

The 7 r,2 and A 1 2% cerai i <" f, Y i is usd we -r, made friom

ceramic fibres. In both cases t ,- fi bris were I anrgel y

continuous and random], oriented in p1lanes parallel Io tahe

layers.

The i icon i a r-(- I or'y fel t, was shaped irn f •m o• f 2. 5w

thick layer with 0.24 g cm-3 bulk density . The alumina felt.

was 25 mm of thickness and 0.096 - 0.128 g cr- in density.

The felts were cut into required pieces (26 mm diameter

and 2.5-4.0 mm thick) and placed in plast ic containers filled

with the sonosol. The organometallic sonosol had a very strong

tendency to wet the zirconia or a] umiina felts and the

impregnation process could be easily achieved under primary

vacuum.

The samples were I e ft, i n the sol u1. ions under primary

vacuum during 1-2 hours. After lhis t ime they wer-e placed in

an oven at. 100°C for 24 hours for' g•lat. io o .

3.7...2. .. Pr'.yintg.

Aft.er 4*..l] tion le , •ampl .es wv o ine ,h .l I realecd in order lo

remove tLhe wr itr'rd '. i didual organ i c mat t er-. TLe sequence

st1ep.1-; of i h,,rmtaj i 'pai m,.nii wF' p drying' wa.• dot minii ,(d from the

TGA s. .tudy of each ...... .. h....i.gin.rc. 3.



The vo ,• u r:.-ic •: .•on of ir r in ii - j ,,' v, , It I

cec ani c fel ts by the infi 1 tration process was meas~au red a t his

stage by weighi rig the samples and is shown in T.-i ff - for- .

i number of consecutive i nf i I tr'at, ion

The volume fraction of the reinforcing phase was cont.rol'.1ed by

the number of infiltrations effected.

DDuring the last infi I rat. ion , the of) fho, rin- w(,re,'

superimposed , up to 4-6 pre fo v in s foaivig j an I <aI e

struct.ure.

3.3.2.4. Hot-Pressing

The layer preform was hot-pressed at 900-930'C temperature

and 40 bar pressure. The maximum temperature was maintained at.

20-30 minutes until densification was completed.

Densified samples of 26 mm diameter and 2-4 win th.ick(e.q:s

were obtained.

ai

Ii
I-.
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4 4. MEASUREMENT OF PROPERTIES FOR CORDIERITE-BASED COMPOSITES
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J 4.1. Structural Analysis

The weight. losses of cordiet'ite sonogels were determined

by thermogravimetri c anaklysis which gave the following

tempetrat.u re ranges:

100-160"C evaporalion of rosidual alcohol and Water

. '•; .e

220-300"C 0 (1i 1--',ion of non-react.ed organia groups or

those introduced by reesterificat ion.

430-480"C condensation of residual -OH groups

These ranges were approximat.•.ly the same for cordierite -

titania samples.

Prom this analysis we pr-oposed the thermal program

for removing or'ganic, residues shown in Figure 2.

From differenilial thermoanalysis (DTA) combined with X-ray

diffraction analysis the structural crystalline polymorphic

forms of cordivriLe were determined as follows:

jr-cordierilc :metast.abl - low-temperature form (850-950"C)

a-cordieri Fe : stable Ii i gh-t.emnperattire form (950-1465"C)

The format. ion of pj-cordieril e was observed at 950"C for

samples prepaired w ,ilhou I. the addition of t. itani a and at 900-C

for samples with 7 w, % t.itania



This effect. w,,as attributed to the nf c i l i rig ýi I i .l o Uf

titania which favori zed thr- c-rys ta• I iz-t ion i,,,,.

4.2. Physical Properties

4.2.1. Relative DeorisiIy

4.2.1.1. Sintered Sajmples

Relative densities , Dr ,of the cordierite (TiOz 15 Wt %j

matrix and composites were measured by Archimedes' pr'irncipIC

in water. Table 2 shows the relative densities and the

porosity , . , experimentally obtained after qintering for

different samples which were compressed from calcined powders

under experimental conditions described in § 3.1.

These values range from 60 % of theorical dens ity dti, for

! a CAs0 composite sintered at 1300°C for 12 hours- , to 98 % dti,

for a CZ5s composite sintered at. 950*C during 2on ;o:'s arid then

* at 1400 "C for 41/2 hours.

Cordierite samples containing TiO2 in 0,7,11 and 15 1.t %.

designated Co CT7 CTI1 and CT15 , were sintered al

temperatures ranging from 950 "C to 1.100"C fr' 1-24 hotrus.

The minimal and] maximal relat ive densit iv'. obtained for-

these samples w'er'e 68 % at. ()50*(- , 15 iiOUtS r,), r'TN] . oow ,00

, 2 hours then 1300" ,5 h|our's for CT15.

Tt was also observed that cordierite samples deforrined 1K

viscous flow starting from 1400"C.



Table 2

Physical properties for sintered cordierite-based glass and

ceramics obtained by sol-gel process.

Sintering
Sample 1  D no

T 1

Co 85 8 1000 24

CT7 80 5 950 24
1400 24

CT11 68 36 950 15

CT15 86 7 900 2
1300 4

CT15 90 12 900 2
1300 5

CZso 98 - 950 2
1400 9

CZS5 98 - 950 2
1400 41/2

CZ5o 77 40 950 2
1300 15
1400 9

CA60 65 42 950 2

1400 41/2

CA5o 60 45 1300 12



! !

-As crystal it i-t.ion of cordiei'iLe occurs between 900-

950"C where p-coi'dietriLe is developed and the t ransformation

to a-cordiernite at 1000-1050°C , accompanied by an increase in

total volume for spec imen, it follows thal the vi scous

sintering is hindered by the fir'st, crystallization at 950"C.

Increasin.g the temperature to 1000"C produces a decrease

i n vi scos i I y which facilitates the flow of the matrix

cont'a i ing in, ryst a] s formed.

The transfor|mation to a-cordierite at 1000C results in

the formation of a residual porosity which prevents total

densification.

It can be observed in Table 2 that these conclusions are

in accordance with the experimental results obtained for

relative densities.

TIn the case of composites the presence of fillers

I constituted an additional problem for sintering because they

obstruct. the mattri x flow.

aa

j 4.2.1.2. Hot-pressed Samples

T. Coiiposi.•e..; obtained by dispersion of fillers in

C o 1t1ierite sonosols

HoL-pr'es-sing of composites allowed relative densities of

99 % to be obtained . The conditions for sintering were 20-40

bat, with Iit•mplraltu e ranging between 900"C and 1000"C.

I



From X-ray diffraction spectra of IfOl.-pressed samples ,t

was observed that at 900-925"C the cordierite matrix was

obtained in a glassy form. When the temperature was increased

to 950'C , the matrix crystallized i the ji-cordieri t.c

metastable form. The high temperature stable form, a-

I cordierite, was obtained above 1000'C

Relative densities , Dr , and porosity , io for hot-

pressed samples , Co, CT7, CT11 and CTI5 matrices , heat-

treated at different temperatures are shown in Table 3 Dr

values were around 99 % both for the non-devitrified glass or

the crystalline cordierite.

This indicates the substantial improvement obtained in the

densification process , achieved by means of hot-pressing

compared to results obtained in conventional sintering.

Table 4 shows the relative densities obtained for hot-

pressed composites with a CT15 matrix and ZrO2 ceramic fibre-

as the reinforcing phase. They are designated as CTl5Zx where

x is the volume fraction of zirconia , the g , 1.1 , or a indeN

designating the glass or the crystalline forms of the matrix.

Table 5 gives the relative densities for the CT15 ' A1203

composites . They are designated as CT15Av , where y is the

volume fract ion of alt]mina ceramic fibres

As n general con(c lusioni for the densi ficat ion s. age

achieved in these samples , it can be observed that:



Table 3

Physical and mechanical. characteristics for a)hot-pressed
cordierite b)cordierite/ZrO2 composites and c)
cordieri t /A12"3 composites w, ith different TiO2 conIenls

Table 3a

I I I Hot-prp"-sifng St xobg: I, \,)g .
Sample Dr ITO M odul us

(%) () T('C) P(bar) t(min) (MPa) (GPa)

Co 97 4 1000 30 20 70 23.40

CT7 98 3 1150 30 20 43.10 16.45

CT11 99 2 950 30 15 96.70 31.00

CT15 99 1 900 25 25 23 7.15

CT15 -- 900 25 25 failed during
1250 -- 300 heat treatment

Table 3b

COZ6Z 90 -- 950 30 15 45 18.30

CoZ64 90 -- 980 40 60 105.20 30.90

CoZ66 90 -- 980 .0 60
1050 -- 120 74.70 23.00

Table 3c

CoA52 93 -- 950 30 15 38 9.70

CoA49 99 -- 1000 30 15 110.50 31.50

CoA48 95 -- 900 40 60
1150 120 96.30 29.70

CT7Asi 95 -- 1000 40 20 158 41.25

CT7A52 92 -- 1000 40 20

1050 -- 120 106 32.00
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V
- The resid ual porosi ty of s amles i ,,?+,x • i L

volinme fraction of fil]lers

- The samples with p-cordieri te matrix slio. highcr

densities than those where a-cordierite wags formed.

This behaviour in Dr for CT15Zx and CT]5.\y, comii-os .f

i n accordance with exper mental eva] un I i ons of Dr i . th,

separate cordierite matrix.

4.2.1.3. Samples produced by HIP

The uniax'ial compression strength of CT7A35 samples 2.5 x

2.5 x 5 mm of dimensions was tested previously for the hot-

pressed CT7A35 composite , and furtherly for the same CT7A35

sample treated by HIP.

The temperature of the hot-press 'ng was 900 iC and thie

temperature of the HIP process was 1400°C.I

The tests were carried out at high .temperature with tlhe

axial compression load.

The values of the compression strength obtaiined are rhin.,r

in the Table 6 and were higher compared to those obtained fre,,

the bending test. at. room temperature. Thus for holi-pres.sed

CT7A35 at 91 3"C the strength was .27, •IPa and de- 'r,-as c.d

gradual 1 y up to 63 MPa when the temper; I nuro or the 1-.1 W-S

increased to 1308'C.

I'S



Table 6

Uniaxial compression strength at high temperatures for C7A35
hot-pressed (hp) and HIPed samples

Temperature 913 949 1222 1308
("C)

o(hp) 378 331 182 63
(MPa)

a(HIPed) 455 218 60
(MPa)



The highest strengt.h , 455 MPa , was obta ined for ;. ... 7.,A ý

composi te treated by HIP and the compression t was

performed at, 949'C

II.Composites obtained by infiltration of ceramic felts

The nomenclature of these samples will be disting.iished

from others by denoting by "f" the nature of the reinforcing

ceramic felt phase .(e. g. CT15Zf35 will denote a sample

containing 35 % vol zirconia felt with a cordierite (TiO2 15

wt %) sonogel matrix). -.-.. . . . .

Dr values obtained for these composites can be seen in

Table 7 , they were in perfect agreement with earlier

experimental results commented before

In this case Dr increases with the total volume fraction

of the infiltrated matrix , and a slight decrease of Dr was

observed when the crystalline a-form appeared.

4.2.2. Thermal Expansion

The average thermal expansion coefficient of cordien il.e

between 25 and 1000 "C is

a = 3.5 10-6 to 1.7 10"6 *C-I

The expansion coefficients from hot-pressed samples

prepared in different. conditions were obta ined .. They are

shown in Tables 8a for CTISZx composites , 8b for CTI 5 Ay ,Sc

fox; composites obtained from infiltration of ceramic felts
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,and Rd for- cordierite .- ,p1 os p -ard frorn a:p 1:4 ,

hot-pressing from powders and sol-gel techniquptes.

In Tables Rn and 8b i t can l;er ohser'vod that the tht.vin.l:

expansion of coinposites decreaseos for higher tempeoraitures :-,

longer heat treatment soaking t. imes•

In general, the thermal expansion coefficient decreases

for higher volume fractions of fillers up lo 30 vol %. T,.w

,values were 3.14 10-6 'C-I for- CT] 5Z30 antd 4.55 10-6 'C- fI o"

CTI5A30 , between 20 and 980'C.

Table 8c shows the evolution of a(20-980°C) for

infiltrated and hot-pressed ceramic- felt. samples heat-treated

at temperatures ranging between, 900"C to 1250"C

The matrix of these samples was a CT15 sonogel and the

number of infiltrations was 4 , which introduced a voluime

fraction of mat rix higher than 90 %

The thermal expansion for these samples was sinmil.ir 1o

that for other composites prepared with short fibres , a:ud

ranged between 8.32 to 3.51 10-6 *C-1 for the following heal-

treated conditions : 900"C for 30 minutes and 1250'r For G

hours , respectively.

Finally , in Table Rd we made a comparison of th||-o c,:

expansion coefficients for ilhe following samples'

I. Cordieri te-gI ass, (a commercial sample submitled b."

Corning which was hoat. t reated at 1200"C for, S hour's.

2. Cordierite glass obtained from crushed powders of 1 he



k ;9ne ig. then Itot-pressed at 900' C

bar and further Iy heat-treated at1, 1200'C for 3 houjrs.

3. CT7 , obtained from sonogels, hot-pressed at 900'C-
I

25 b.nr for 15 minutes then heat-treated at 1250'(" for

6 hours.

The lowest value obtained for the expansion coefficient

for these samples was 1.20 10-6 °C- I , it. corresponded to t,|e

commercial devitrified glass. 5

Hot-pressed cordierite showed a coefficient expansion very-ý

similar to that from cordierite sonogel containing 7 wt. % of

titania , 3.12 10-6 and 3.28 10-6 'C-1 respectively

All samples were totally devitrified except CT7 at 9000C

The coefficient for this sample was 4.11 10-6 *C-1.

iI

' !

I
I
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Table 8

coofrik cordabl;7 i rc(Ti",2 15 wt.)

based composites with : (a) /A1203 fibres ;(b) /ZrO2 fibres
;(c)ZrO2 ceramic felt and (d) pure cordierite glass (Corning)
; hot-pressing from glass powder ; and cordierite (TiO2 7 % wt
sonogel)

Table 8a

Heat Treatment 9s0
Sample (106) (a)

T(*C) t(h) 20
('c-*)

CTISAio 1250 1 5.07

CT15A2o 1250 1 4.56

CT15A3o 1200 1 4.55

CT15A3S 1200 3 4.90

CTI5A4o 1200 1 5.73

CTI5Aso 1200 1 6.04

CT15A6o 1200 1 7.60

1250 6 5.70 1

Table 8b

Heat Treatment 980
Sample (106) (a)

T('C) t(h) 20

('C-)

CT15Zio 1250 6 3.96

CTI5Zzo 1250 6 3.36

CT15Z3o 1250 6 3.14

CTM5Z4o 1250 6 3.54

CT15Z50 1250 6 4.27

CT15Z60o 1200 3 5.06
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Table 8c

Heat Treatment 9so
Sample (106) (a)

T(°C) t(h) 20

CT15Zf4 1250 6 3.51

1 1200 1 4.01

900 1/2 8.32

I

Table 8d

Heat Treatment 980SSample (106) (a)

T('C) t(h) 20

('C-')

Bulk
glass 1200 3 1.20

(Corning)

Hot-pressed 1200 3 3.12
from powdered
glass(Corning)

C-7 900 1/4 4.11 1
(So-,ogel)•

1250 6 3.28

II
!
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4.3. Mechanical Properties

The fl exural strength of composites was determined us ing

ari TNSTRON 1195 Ir 'ng -in:hine wi th a cross-heal speed of 0.5

mm/mi ri.

Younig's modulus of samples was obtained from the load-

deflection curves from the bending test.

F

iw 1~ 4,

I ~- L

P/2 P/2

Flexural strength and Young's modulus were obtained from

the following equations:

2 P L P L
- E --------S3 b W24 8 W3b3bw2  4w 3 b

Where : P , is the load at failure

I, the distance between cylindric supports

1) , the width of the specimen

w , the thickness of the specimen

83 the deflection of the sample

The dimensions of the specimens were w = (2-3) mm , b =4

mm and length 15 mm . The distance between supports L , was



12 amm. The surfaces of samp]les; ser'e previously pol ished using,

6-12 Oim diamond paste. SI

ii order to have a reference for experimental values inl

mechanical strength for cordieritne , the flexural strength of

glass-cordierite specimens prepared from melt was measured

These samples provided by Corning , heat-treated alt 9SO5C ori

1150"C for 2-3 hours to develop the It- and a- cryst all ine

polymorphic forms of cordierite.

The strength and Young's modulus obtained are shown in

Table 9.

The corresponding values for Co , CT7, CT1l and CT15

matrices and some CoZx , CoAy and CT7Ay composites samples

were presented in Table 3.

Tables 4 and 5 showed the mechanical propert ies obtained

for CT15Zx and CT15Ax composites respect ively.

The following observations concernning these resulits can be

made

Table 9.- Ali incr'nse ill Ir,'(I- arlac~ a 1 i . .'., i rs

obtained when crysta] ine phases were developed iii c:ordierite

glass samples.

Table 3.- Samples with titania content. higher t~ha•n 11 wt % J
showed the lowest strength both for glass anrid cr'ysta]lline

cordierite matrix. The maximal strength was obtained for a j
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I Table 9

Flexural strengths and Young's modulus for cordierite
glass (Corning) heat treated at 950 'C and 1150 ýC

Strength (MPa) Young's Modulus (GPa) No. of
Sample tests

Mean Std.dev Range Mean Std.dev. Range

glass 80.75 5.29 73-88 26.40 3.98 23-35 7

p-cord 134.12 22.30 98-157 32.55 7.72 21-43 4

a-cord 137.80 22.47 106-158 35.44 -- 29-35 3

Instron calibration

1 Si02 97.20 9.74 87-107 62.38 6.4 55-69 4

II
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CTI 1 sampl e hot.-p essed at 950 C w i th the metastable p-

cord i eri. i.e Co r .

It (.a1 also be observed that mechanical resistance decreases

%w i I I I t'e degree, of conve rs ion of p -cord i enr i t e into u-

ccord i eri to.

Tables 4 and 5. - showed that. the strength values ranged

from 61.27 MPa for a CT15A5o composite up to 107.40 MPa for a
I

CT15Z20 composite ; the Young's modulus varied. between 20 GPa

for CT15Aso-to 43 GPa for CT15A20 composite

A ciear and general dependence of mechanical

characteristics on volume fractions of fillers was ndt

observed.

Devitrification of the matrix influenced strongly the

Smechanical strength of composites. Tn ýfeneral , we observed a

decrease in nmechanical resistance (5-#10 %) in samples where

t.he matrix was crystal1 inc.

Relative densities and mechanical characteristics obtained

for hot-pressed samples prepared from Corning cordierite glass

are sh6wn in Table 10 , from which the following observations

were made:

- see ha-ln i .I snOl-ilgilh and Young's modulus obtained for

glass-cordierile hot-pressed saimples were very similar to

t.hose b|)tainiod hy sol-gel techniques.

- The strength values for composites prepared from powders

of recrrtshed commercial cordierite glass and containing a



vol.ume frac:t. ion of fibres equal to 20 % , were 10-35 %

hi gher i.hanl for identical samples prepared from sonogels.

I e.g.:

-cordierite(ZrOz 20 vol %)

Commercial CT15 Sonogel

Strength : 168 MPa at 900'C 107.40 MPa at 908"C

128 MPa at 1150°C

- cordierite(A1203 20 vol %)

Commercial CT15 Sonogel

Strength 110 MPa at 900"C 97.15 MPa at 920"C

76 MPa at 1150"C 68.30 MPa at 1200°C

If we compare these mechanical characteristics with those

obtained in previous studies for CT7 and CT11 based composites

(in Table 3a) , it. can be concluded that the optimal quantity

of TiO2 nucleant. was around 10 % wt. for cordierite sonogels.

The presence of higher quantities (15 wt %) of titania , was

the iliainr cause of the weakness observed in mechanical

propc rt i es.

All these observations were concurred in good agreement

with relalti-e deri,.sities obtained and shown in §4.2.2.1.

The fracture surfaces of fractured specimens were observed

with a JEOL JSM-6300F S.E.M. microscope; the samples were

previously etched in 4 % HF solution for 30-60 s.
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Table 10

Physical and mechanical properties for hot-pressed cordierite-
based composites obtained from mixing the powdered glass
(Corning) and ceramic fibers.

Hot-pressing Strength Young's
Sample Dr no Modulus

(%) (%) T('C) P(bar) t(min) (MPa) (GPa)

cord 100 -- 906 20 20 89.40 27.43

cord 99 2.15 906 20 20
1150 -- 180 57.55 22.75

CZz0 100 0.24 900 20 15 168 59

CZzo 95 8.80 900 20 15
1150 -- 180 128 41

CAz0 100 0.14 900 20 15 110 51

CAzo 96 12 900 20 15
1150 -- 180 76 38

I

I
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From these observations the quality of the mat rix-fib -c-

i nt.erfaces was evalua Led . IT was good in c-ct -ta1 v, ones an

inexistent in others for the same sample. This a]l:o ;'-r,'e--,jj a,

great poro i Ly caused by some heterogeneou. tic, o u.s of

fibres in bundles which were the origin of weak pe- *r',. which

lead t.o failure.

The fracture surfaces of infiltrated cerami_ fe]ts showed

a very homogeneous matrix dispersion , an abs.ene of porosity

and better matrix-fibres interface All these observations

were in good agreement with mechanical observations for these

samples.

Vickers' microhardness was determined from sintered or

hot-pressed cordierite samples and composites The

experimental values obtained are shown in Table 11.

4}

$

, i
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Table 11

Vickers' microhardness for a) hot-pressed cordier'ite withli
TiO2 11 and 15 wt % content and cordierite from powdered
glass (Corning) for hot-pressed at. 900 *C and t.hen(*)heat.
treated at 1200 °C for 3 hours;(b) hot-pressed mixtures of
fibres and powdered glass matrix and (c) CT15-based
composites
All the specimens were treated between 900-950'C for 30
minutes except that designated by (*) which was treated at
1200"C for 3 hours

Ila llb lec

Sample Hv Sample H-v Sample Hv
(Vickers) (Vickers) (Vickers)

CT11 717 ± 24 CZ20 816 ± 35 CTI5Z20 866 ± 82

CT15 937 ± 57 CA20 790 ± 12 CT15Z40 596 ± 11

Corning 758 ± 35 CTI5A40 877 ± 92
hot-press.

Powder CTI5A40 572 ± 35

*Corning 817 ± 80 CT15Zf3o 961 ± 30
hot-press

Powder CT7Zf4O 917 ± 53

ii

I
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5. SYNTHESIS OF SILICA SONOGEL MATRICES FOR OPTICAL

APPLICATIONS

I



It has been shown [7] that scmiiconductor dope i-glasss,..• .,

composite materials with interesting optical applical io.•ls

because of their considerable opt ical non inearit i e and fast.

relaxation times. Devices based on these materials may be

useful in optical switching and for optical logic.

Semi conductor fine a part i,'s i1lc ded i : I

matrices have been recently prepared and studied [8,91. A

collection of tiny Cd(Se,S) crystal]lites were embedded in u

glass matrices ensuring a deep confining potential for both

electrons and holes in the mycroscrystallites .Thes,,

inclusions are possible to be considered as siJher ic,

particles with a small dispersion of the radii , thus

providing a description of the physical properties in these

materials as a function of the crystallite size.

In a semiconductor microcrystal lite with a radius over 10

A discrete subbands are formed i n valence and conduct ion

bands since electron and hole wave functions are c-onfined. Tl,e

effective gap between the top of the valence surbb.,ld and the

bottom of tho conductf i on band be i ng a ,l rc i on of

microcrystallite size. This is called the quiantut size effect

and the experimental result. is that the opt ical i a•sorption

I i nes shift. as a func I. ion of 111ce mi cro-ry. t ., I i t wi p o~b rt.

radius.



I 51

The viability of the sol-gel process in the preparation of

onotlolithic SiO2 xerogels at very low temperature , provides

high porosity host matrices with a narrow pore size

distribution to be used as support for fine semiconductor

particles.

Tn this part. of the work pure "sono" and classic sil iCa

geIs were prepared to be used as the host matrix for CdS

small-sized particles formed in gels by precipitation chemical

reactions.

For CdS the quantum size effect occurs as the crystallite

diameter is comparable or below the Mott-Wannier exciton size

(around 50-60 A).

5.1. Physical and Optical Requirements.

The main requirements needed to obtain a stabilized matrix

for these extremely fine particles were:

- the presence of a fine texture and porosity

(pore diameter < 50 A

- physical and mechanical stability : the structure of

the matrix must withstand the variations of temperature

under experimental conditions.(15-25"C)

- optical transmission : the surface of these materials

must. be polished to provide optical quality.
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5.2. Study of Chemical and Physical Parameters

Several chemical and physical parameters have a marked

influence on the final t1extture of the gel.

They are the following:

Chemical Parameters

1. Type of silicon alkoxide precursor (TEOS or TMOS)

2. Molar ratio of hydrolysis water ,(Rw= mol water/mol

A] kox ide)

3. pHi
4. Presence of organic solvents

5. Presence of drying control chemical additives (DCCA's)

6. Use of polymeric organic additives.

Physical Parameters

7. Ultrasonic,- dose

R. Gelation conditiions

9. Aging and drying conditions

1. The gels were prepared starting from two different

sil icon alkoxide precursors : tetramethoxysilane (TMOS) and

tetraot.hoxysilane (TEOS).

2. TIt was observed in other works that higher Rw values

close to 10 e:r I ,o complete hydrolysis and consequently a

higher porosity. The- Rw used in t.his study was equal to 3

4 , or 10.

A
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3. Di fferent. pH w,-e!re tested in order to obtain a finc.

final texture of gels.

I4. Al cohol i'c solvents wer'C, u1sed oril y fC' r prepa r i ring t. he

classic gels. The alcoholic sol. vent was chosen according to

the al.kyl group of the alkoxide . Thus methanol was used with

TMOS and ethanol with TEOS.

The quantity of the solvent was fixed ai. 50 vol ? / vol

alkoxide.

5. The presence of DCCA' s controls th.'e drying process

thus avoiding the fracture of the gel network and providing a

narrower pore size distribution.

Formamide (FOR) and dimethyl formamide (DMF) were used as

DCCA's. The nool ratio of DCCA/,no] silicon alkoxide was

designated as Rffor and Rdmf respectively and varied as

follows:

Rfor = 3 , 4 or 7

Rdaf = 2

6. Some organic additives were used in order to test their

influence on the texture and mechanical characteristics of

gel s.

The organic suhsiances emp loyed were: pol yethyleneglyco l

(PEG) tetrael.t enegIyol T TFD 1 and pol ydymc thyIs i loxane

(PDMS).

7. Two different. ultrasonic- doses were employed leading to

low-dosed (1I,) and high-dosed (HD) sonogel s. The doses

-mployed were 50 and 250 Jcin-.3 respectively.



8. The gelat ion temperatures varied from 2•, 1 "5 "

9. The aging process was made at different Lemperat.,1res

ranging from 20 to 40*C. The aging time varied from 2 to ]38

hours. Drying was carried out at 20-60"C with soaking time

varying from 24 to 500 hours.

All the experimental parameters employed atre shown ii,

Table 12.

5.3. Experimental Procedure

The host gels were prepared by submitting the mixture of

silicon alkoxide and water acidified with HNOnj to varioli:;

doses of ultrasonic radiation with a 600W sonifier (SONIC

MATERIALS , USA) operating at 20 KHz with a 10 mm diameter

titanium transducer driven by an electrostrict ive device.

Insonation was carried out in a glass beaker 70 nim in diameter

kept. in a thermostatted bath at 20"C.

Two different alkoxyde precursors were used t,-- obtain the

starting sol , tetraethoxysilane (TEOS) and tetramethoxysilarc

(TMOS).

The hydrolysis reaction was comp]eted under the action of

ultrasounds in a Lime which varied from a few ýocond' f,

TMOS with Rw=10 ) to 4-5 minutes (for TFOS willh Rw=4). The

temperature of the solutions reached 70"C during in.onation.

The pH of hydrolysis water varied from zero t.o 1 .5

a
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Sonosolutions with different compositions were then

obtained by adding DCCA's in the folloving proportions:

Rfor= 3,4 or 7 or Rdof= 2.

The final solution was homogenized under ultrasonic action

introducing an energy varying from 50 to 250 JcM- 3 t, the

whole volume of solution.The pH of the final solution was

equal to 2.

In some cases certain organic additives were added , (PEG)

,TEG and PDMS in a 20,30 and 50 vol % of the precursor's

volume.

Finally x mol of Cd(N03 )2 4Hz0 /mol SiOz , with x = 15

30 and. 40 were added to the different solutions. Cadmium salt

was added under the action of ultrasounds in some cases and

with mechanical agitation in others.

Classical SiOz gels were prepared by adding 50 vol % of

EtOH to TEOS or of MeOH to TMOS solutions , per volume of

* silicon alkoxide. The hydrolysis reaction and the dilution of

cadmium nitrate were obtained by mechanical agitation for a

total time of 15 minutes.

The final solutions were poured into hermetic pla:ýl ic

containers of 19 mm edge or hermetic cylindric plastic

containers of 20 mm diameter.

The gelation was induced in a range of temperatures

varying from 20 to 40"C The times of gelation varied from 2-



3 hours-, for samples prepared using TMOS with R•w= 1 0 and]

Rfor= 3  sonified with 250 Jcm- 3 and Tgel=40"C , to several

weeks for samples where DMF was employed as DCCA.

One week later after gelation , the containers were open

and the samples left to dry in the ambient, atmosphere. The

drying of the gels continued for 1 month.

I
The optimal SiO2 sonogel matrices were prepared following

the diagram shown in Fig. 3 which indicates the compositions

of the starting materials selectioned.

The samples prepared by this method were denoted as TMx or

TEx depending on the type of alkoxide used in their

preparation , (TM for TMOS and TE for TEOS) . x being the

molar percept of Gd-± added in respect to SiO2

After drying the transparent xerogels were put in contact.

with H2S vapour produced by decomposition of thioacetamide

(TAA). Two different methods were employed for the diffusion

of 2zS into the porous structure of the gels

In the first method the gels were placed in hermetic

containers containing TAA at 35-40"C. Exposure times varied

from 24 hours to I week The resulting gels obtained were

coloured ranging from light transparent yellow to opaque

orange , as the result, of the CdS particles precipitated

inside the pores of the gels. j

I
I
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TMOS + 10 H20 ( acidified with + 3 FOR
(TEOS) lcm3 HNO3 (65%) (7 FOR)

/ 9.1 cm3 H20) Us=50 J cmz-

xCd (N03) 2 4 H20 Son oso
x= (0.15 , 0.30 , 0. 4 0)mol/rnol Si'SiO2 -C~d2 4

s o n o s o l 1 0 m i
10 min stirring

Gelation
t ~Room Temp

sonogel

Aging (R.T.)
(1 week)

Drying(R.T.)
(3 weeks)

Gelation(40"C . 24 h)

(40'C , 48 h)

Drying
(35"C, 72 h)

SiO2 -Cds

impregnated
xerogel

Si02-CdS

stable
gel surface grinding

and polishing

Figure 3

Schematic route for preparing SiO2-CdS sonogels
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In the .' 'd melthod) TAA wa'- p ccd in a gi..ss container

and decomposed a t, 80- 1 00 'C , t1he r'esu l t i ng Hz S vapour was

passed along a Cir(:ulillaory syst.e-ir dr ivOn by ;in a ir current

as shown in Fig. 4 , and maintained under 0.5 Kg cm- 2 in

o:n to, c .. k;i. h the go l 1samples .

A ftoe di ffus i on the samples were stabi] i zed by two

di fferent. proced.i res

- Thermal stabilization

- Impregnation

5.4 Thermal Stabilization

The SiOz-CdS doped gels were treated at 40 , 70 and 80'C

for 24 hours and then stocked in a dry atmosphere at 20"C.

5.5. Impregnation Procedure

The need for clear and transparent, surfaces for optical

applications makes it essential to polish the samples.

This process is difficult because the high residual

porosity presented i. n the sui-face of the xerogels and the

weakness of the sil ica nelwork formed. The c.ombination of both f

factors result.s in a poor Lransmi.5sion of visible light after

po)I i :4h i ig.

I
The impregnation process [101 result.s in the pores in the

surface of the gol heeing sealed , which improves mechanicalL
._tI
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Air

S~Silica Gelj 1 4

I S-
2

Temperature

i .: :.} ,Control

Figure 4. Diffusion treatment system for SiO2-Cd2  xerogels

I.

I ..g•..i U
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and physical stability of the sampl es and t hu..s p ,, iv d(c-::

* 3 optical transparence after polishing

The impregnation of SiO2-CdS samples was carried out by

total i nmersion of the gel sample in a sonosol of the same.

* composition as the host gel.

I
The optimal impregnation procedure was the following

a) The samples were placed in the impregnating sonosol

which contains 25 mole % Cd 2 * respect to SiO2 .The temperature

of the sonosol was around 20 - 25'C.

b) The samples were left submerged in the solution under

reduced pressure (Pr) with the following schedule (Table 13):

Table 13

Time(min) Pressure(mm Hg)

0 760
1 80
3 60
5 40
7 20

15 20
17 760

The samples remained in the vacuum jar for 30 minutes

before being returned to room temperature I
c) The impregnated sample was then removed and the rest of

the solution which remained at the surface of the sample was

dried with a filter paper. The specimen was then introduced I
I:



into a herinet ical I y :] o05(1 d U>iit.-.i i nrr and pu ii hi,. i:. ;

40 C for 48 hours to promote gel at ion of the sealing so I l.ion.

After this time the cover was removed arid the inmpregrnai el gei

was left to dry at 35°C for 72 hours.

The sample was then ready for polishing. This was carried

out first with a grinding paper (P600 or P1000) to ohtti n

parallel surfaces then with a silk cloth and diamond pastOe (1

min grain size) . The resnl t ing samples presented a good

transmission of visible light. (90 % transmitted light'',

5.5.1. Experimental Observations on the Impregnation Process

The CdS doped SiO2 xerogels were partially transparent due

to the presence of some impurities on the surface of the

samples after exposure to H2S. The polishing treatment was

neccesary to render the specimens total 1 y I ransparent fo:

optical experimentation.

In the case of non-impregnated samples the su u faee , a.

insufficiently polished , scattering phenomena were observed

with subsequerit loss of opticOal transpare rie qua.] it . Th.

impregnation of these samples gave satisfactorýv resi)lt!s aft(.7'

polish i rig , leadi rig !o transparent sampls for 01p- I iCl

studies.

The conservat. ioon of these samIples requi red el we] I

stablished -nvironment aI condit, ions as follows:

Nil Ijl im im ..



I. llumidit.y : 30-40 %

2. Temperature : 18-25'C

If humidity exceeded 50 % , the samples turned opaque

because of the water absorbed (impregnation does not seal !..},.

total porosity of the gels).

The transparency of the samples can be restored by placing

the specimens in a dessicator the time neccesary for removing

absorbed water.

On the other hand , if the samples are overdried they also

lose their transparency (dissolved excess of Cd 2
* salt;

reprecipitates on the surface of the sample). In order to

restore transparency the samples must be placed in a humid

environment.

Sonme important apects have to be taken into account in

order to avoid the crack failure of the samples during the

impregnation process:

1.-The nature of the impregnating solution

2.-The value of the final reduced pressure

3.-The gelation process of the sealing solution

4.-The drying process of the impregnated sample

1 .- A certain minimal quantity of cadmium nitrate must.

necessarily be present. in the impregnating solution in order

I
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, Si vo 1"1 11 e fa i I 0jj of c he s,'mpl c . We used i rnpregnat i n g

solutions corjl..ainiiig 2 115 ol % Cd 2  in respect to SiO2

2.- When the final pressure was lower than 20 mm Hg some

of t.he gel s failed d uri ng i mpregnat 1i0on and others fail-ed

during L.he drying process of the impregnated gel

3-. The samp] es must be rapidly enclosed in hermetic

containe.ri for gelation in order to avoid an excessive and

rapid evaporation of solvent which could induce cracking .

4.- Drying must be carried out very carefully after

gelation. The temperature must not exceed 40'C during drying.

The time of drying must be 72 hours , as a minimum , before

pol ishi ng.

j
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6. CARACERIATIO OF i~zCdS OPEDGEL
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6.1. Evolution of Physical Properties

Apparent densities , (Da),linear contraction, ( l/|o), and

weight losses ( w/wo) , were measured before .irid after the

impregnation of CdS doped SiO2 gels.

The evolution of the apparent density , Da , of these gels

during the impregnation process , was measured bh Ar'hclii mdes' -

method in toluene. Tables 14 and 15 show the evolution of DTn

porosity , linear contraction and weight losses of different

samples , obtained from TMOS , during the impregnation

process.

Tables 16a and 16b show the apparent densities for non-

impregnated and impregnated CdS-doped gels respectively .The

difftusion of H2 S in these gels was produced by the methods

schematized in Fig. 3 and 4.

These values were obtained from geometric calcuilation of

the volume of the samples after polishing.

Higher densities for impregnated samples than for non-

impregnated specimens were observed from these measiirements.

A higher density was also observed for samples ,ith

higher CdS content. Fig.5.
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Table 14
ApjairnL den, i ty A a ,oa " TX s aIpIes

before impregnation

Sample Da Al/lo(gcm- 3 M •

TM15 1.51 31

TW3O 1.57 32

TM40 1.64 32

Table 15

Evolution of physical characteristics for TMX impregnated
gels. (Da' :apparent density for impregnated gels ; (6l/lo)'
linear contraction and (Aw/wo)' loss weight of impregnated
gels respect to non-impregnated xerogel.

Sample Drying Da' (A1/o) ' (Aw/wo)' Agin Ti.,
(gcm- 3 ) %) (%) `,-.-

t(h) T(*C) Tmp ,-•c ,it .r
iiic:rti I•:

TM30 96 30 1.57 1 14
+24 45 1.62 2 20
+24 60 1.74 8 31 1
+24 70 1.80 11 3-
+24 80 1.83 13 39

TM30 96 30 1.63 4 13
+24 45 1.69 8 18
+24 60 1.74 12 27
+24 70 1.82 15 32
+24 80 Cracked ....

TM40 120 30 1.71 2 13
+24 45 1.74 5 17
+24 60 1.80 A 25

+24 70 1.83 10 32 .
+24 80 Cracked ....

Ii
I
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Table 16. Apparent , Da , and skeletal Ds , densities for

(a) non-impregnated and (b) impregnated CdS-doped SiO2

xerogels obtained from TEOS or TMOS by sonocatalytic approach.
Vp is the pore volume of the specimens and [Cdz* ] is te molar
'o•. *nI r~itI i 0 of cadiiiiuiiii •i tc" iii the startizig onosol.
(The diffusion of H2S in these gels was carried out by the
method indicated in Fig.4)

Table 16 a-

Sample [Cd 2 +] Ds Da Vp
(M) g cm- 3  g cm- 3  cm 3 g-I

TM1 9.5 10-3 2.21 1.29 0.323

TM5 4.9 10-2 2.25 1.31 0.319

TM8 8.2 10-2 2.28 1.33 0.313

TM10 1.0 10-1 2.30 1.34 0.311

TEl 6.3 10-3 2.21 1.14 0.420

TE5 3.3 10-2 2.25 1.13 0.440

TE8 5.4 10-2 2.28

TEl0 6.9 10-2 2.30 1.20 0.399

Table 16b

Sample [Cd 2
#] Ds Da Vp

(M) g cm- 3  g cm- 3  cm3 g-'

TMI 9.5 10-3 2.21 1.42 0.251

TM5 4.9 10-2 2.25 1.50 0.222

TM8 8.2 10-2 2.28 1.52 0.219

TM1O 1.0 10-1 2.30 1.54 0.215

TEl 6.3 10-3 2.21 1.20 0.381

TE5 3.3 10-2 2.25 1.22 0.375

TE8 5.4 10-2 2.28 1.24 0.367

TElO 6.9 10-2 2.30 1.25 0.365
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S1.6 ,,Symbols

- 1.non-impregnated:

'1.4 -V TEOSID
S1.3 •"" •0 THOS

. 1.-2 impregnated:

1.1 - v TEOS

1.0 TMOS
0 1 2 3 4 5 6 7 8 9 10

Cd2 (molar percent)

Figure 5. Apparent densities , Da' , v.s. Cd 2
* (molar

content) for non-impregnated and impregnated SiO2-CdS
sonogels.

I
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The pore volume , Vp , was obtained from. apparent dc,-it;

Da and skeletal density Ds , as follows :

1 1
Vp =----------

Da Ds

The skeletal density was calculated from theor Ir: ]

densities of the solid phases , Dsi02 (2.20 g cm-) .and Dcds

(3.90 g cm- 3 ) as follows:

DCds Dsio2
Ds - ---------------------

(l-x) Dcds + x Dsio0 2l

x being the molar fraction of CdS in the sample

From these values it was also observed that porosity

decreased with higher Cd2  content. Fig. 6 shows this

influence of Cd(N03)2 content in the porosity of the gels.

The linear contraction I/lo ( Tables 14 and 15) of the

samples was measured before the impregnation process and wias

around 30 %. After the impregnation process an additional

linear contraction was found ranging between I to 13 %

An important weight loss , between 13 to 40 % ,for TMN

samples was observed after the impregnation prces.

Ot her kinds of gels were obtained according to the

procedure shown in Fig. 3 but some organic additives such as

20 , 30 or 50 vol % TEG or 15 , 20 or 30 vol % PEG / vol.of

the alkoxide , were also added after the hydrolysis reaction.

_ ~ .1
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Symbols

non-impregnated:

V TEOS

0 TMOS

M3o impregnated:_ _

V TEOS

* 0 THOS

oa am a.4 0.05 nm ala

[Cd 2 ] (H)

Figure 6. Pore volume , Vp , v.s. [Cd 2 I] molar concentration
in the starting SiOz sonosol, for non-impregnated and
impregnated samples.
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The impriegnat ion proce.s of this kinrd of gel was perforni,-o.

in the coniditions indicated in Fig.3.

SThe composition of the impregnating sonosol was the .same

I ;-,• for other gels. Neither TEG nor PEG were added.

This kind of gel presented fracture failure 1 or 2 weeks

after polishing.

Classic gels were prepared in the same conditions as those

presented in Fig.3 , but adding 50 % vol in MeOH respect toI TMOS. Hydrolysis was completed by stirring action and the

impregnating sonosol employed was the same as that already

described.

We observed that variation in any chemical or physical

parameter during gel synthesis drastically influenced the

final stability of the gel.

6.2. Structural Analysis

(3.2.1. Thermal Evolution Study

Thermogravimetric (TGA) and differential thermal analysi.s

(DTA) accomplished in nitrogen atmosphere at 10 *C/min

combined with X-ray diffraction analysis , were applied to

samples with different Cd 2 ÷ content in order to evaluate

physical or st. ruc:tura1 changes up to 900"C.
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TGA frc'n T • F) • ,,- () , r, TM40 . O-ap]es we re carried out in

N2 at-mosphere (Fig 7) ?ind we assigned the weight losses as
I ~fo.1 ]ows:

50 -2-2-0 evaporation of adsorbed water and organic

solvents.

250-300 oxidation of organic residues

380-450 condensat-ion of residual -OH g'roups

DTA curves from these samples showed

- Two endothermic peaks at temperatures lower than 250 "C

which were

associated with the desorption process.

- An exot.hermic peak from calcination of organic residues

- An endothernmic shoulder from -OH polycondensation

- Fx.ot.horrmic c'rysltallization of SiO2 at. 1300 "C

No e1oI her-1ni c j)eak h which could indicate the

ttcrys tal I i zat. ion o f C&S , was de tec ted be]I ow 900'C. This was

probably due lo 11he smail1 concentration of CdS.

Fig. P. +;h,,-, tic. TG.• -ind di fferent ia] curves (DTG ) , as

well as DTA for" (a) a TF1 composite material stabilized at

80"C and ( ,)) for. t -he I,,,,, ,,,at.,i Sili i a I c

I

I
I
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Figure 7. TGA differential curves obtained for TM15 1---)
TM30 (-) and TM40 ( ... ) impregnated CdS-SiOz sonogels.



8a 75

1001

90 DTG

80 - " "TD -

S70

60

- - W

50

I4 1 1I I I I

0 100 200 300 400 500 600 700 800 900 1000

T ('C)

8b

100

90 DTC

90

• 70

S 60 ' "

501

4.0 I I I I p I I
0 100 200 300 400 500 600 700 800 900 1000

T (C)

Figure 8. TGA , DTG and DTA curves for (a) TEl non-impregnated
gel stabilized at 80"C and for (b) pure silica xerogel.
obtained from TEOS , non-impregnated and stabilized at 100"C.
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V ~Fig 9 schws the de i vat x Iv ltijiina-)g rami:ý :r for TM 1 C

samples at, di ffoen t.a e of tepeaa.injrs

(a) non- impregnated p)u r S M02 sonogel mati r N ~ non-

impregnated CdS-doped Si 02 sonogel an d ( )imrrrktdCdS-

doped Si 02 sonoge I . The most remfaýrkah] e fea t.ijrf-o ch er ve d is

that thle f irsi: weigh lt, lass due to desorpt ion of uat er

ethanol and so] vent~s , erae af1rte i:;pDregnatjion

treatment. This meanis that the impregnat. ion reducesý thle acti ve

su~irface for atmospheric waiter' Iyd i'atlati.on anrd h, hr- f()r the

stability of the samples increases.

6.2.2. Textural Features

The evaluation of the nitrogen adsorption measurements by

using B.E.T. techniqu~es indicates that the porous structure of

these gels was quite uniform , with pore sizes Uetween 10 and

40 A. This is the standard pore, siz-e rainge Usually found for

acid catalyzed sonogels (Fig 10).

Some spec imenms show from thle desorption branch a niarrower

Pýjesize distribution than from the adsarpJt. o one This fact.

could be expl ained in terms of th e presence of channels

li nkinmg the pare with the outer struCture ,wi hcan give

rise to "1)0Cre h] ock i nig" e-f fe cts. Din ring desorpt. ior , po re

blocking occurs becauise bu~bbles of vapour canntot. nucleate at.

tile, pressure wfich i nWould produlco a yeap.r ion if the

pores were freely exposed. Eve ret 1. [11] has indic.--tes that in

a:2system whe7r 5 po re blocking can occur 11 pore size

d st.r b ti ilc i ves e ived frmIh es p r r i h
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II

dP dp dP

dT dT dT

0 Z00 400 600 0 201 don 600 0 200 400 600

T(C) T (C) T CGC)

Figure 9. DTG curves for TMIO composite materials:(a) non-

impregnated pure silica matrix ; (b) non-impregnated CdS-doped
SiOz sonogel and (c) CdS-SiOz impregnated sonogel.

I

!

I

I ... . . ! ... .
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isotherin are l ikely to give a misleading picture of the pore
structure ; in particular the size distribution will appear to

be much narrower than it actually is. The shape of the

hysteresis loop corroborates the existence of "ink-bottle"

Fig. 11 shows the N2-isotherms and pore size distribution

for a non-impregnated TE5 specimen. The sample was previously

stabilized at 80'C for 24 hours in an oven , then the specific

surface was measured at room temperature at 100"C.

The specific surface for TE5 at room temperature was 282 m2 g-1

and the pore volume was 0.22 cM- 3 g- 1 . The same sample at

100'C presented a higher pore volume equal to 0.72 cm- 3 g-,

This increase in Vp at 100"C was due to the evacuation of

pores smaller than those evacuated at room temperature.

Fig llb shows the pore size distribution obtained for this

sample at room temperature and at 100"C. No important.

differences between size pore distributions were observed for

TE5 at both temperatures. The porous structure of this

material seemed quite uniform with an average pore radius

between 10 and 30 A.

The following results of evaluated specific surface were

observed in TM40 impregnated samples:

Specific surface values were 183 m2 /g for TM40 treated and

degased at. 120 "C and 14 m 2 /g for the same specimen at room

tempe ra ture
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Figure 10. (a) N2-isotherms and (b) pore size distribution
corresponding to a ¶12*41 non-impregnated composite material at
100-c.C
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Figure 11. (a) N2-isotherms and (b) pore size distribution at3
100 *C and at room temperature in a TE5 non-impregnated
composite material previously stabilized at 80*C for 24 hours



At. 1 20 C th )e T M4 0 a p r oI~sc 1),'~i ri 1 ;I r

its porou s size distribution from TMI-10 at. room temper'at.uro.

From these observat i onis i t wa.S c o I udc (I It I ho

import.ant, i nc ea se i n spec i f i c si rfaice waý s (JNie .- I I li,

Se,,aporat ion of" intersti it1a] I i qu ids W11i ch rkmui ,,l , in-i • 1' I

poares f the gel, and thai, surface n u( ieas e canno Wc

associated with a texturalt mod i fi cat idon o f 1.he .ie.

6.2.3. Transmission Electronic, Microscopy

The state of aggregation and average size of CdS particles-•,

formed were determined by high resolution transmi ssion

electron microscopy (HRTEM) using JEOL JEM-2000 EX microscope,

with a structural resolution of 2.1 A operating at 200 Kv. and

with a JEOL JEM-1200 EX operating at 120 Kv. Diffraction

electron patterns of these particles were also studied.

Our observations from the JEM-1200 m i c ro.('ope cA" ),v-

summarized as follows:

- An extremely fine and homogeneous background struict-ure

of SiOz-linked particles (10-20 A) was present for' these

samples.

- The sonogels contain ing organic addit, iv,- yesch a;s TFI or"

PEG and other samples prepared by classic sol-gel m,,thod.-;

presented particles wit.h an average i greater thatn 15

rim

For these samples CdS hexagonal crystals 50 rim diameter .J
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- A very fine and homogeneous dispersion of CdS part ic' eý

was dete cted in TEx arid TMx samples both with Rw =10 and

Rfr =o3

The average size diameter was around 5-10 nm. However

CdS hexagonal crystals 30 nm diameter were observed in

TMI0 samples.

- The CdS particle size distribution with an average

diameter of 5 nm was determined from TEM micrographs in

TM5 and THI specimens. This can be observed in Fig.12.

- Diffract.ion patterns from microanalysis revealed

the presence in a TM5for sample of CdS microcrystals in the

hexagonal (greenockit~e) form (ASTN 6-314).

Fig 13 shows TEN micrographs of SiO2 -CdS compo.s i

materials.

The HRTEM observation permitted the visualization of

crystalline st ructure for the semiconductor Cds part icIte-

Fig 14.

Ii
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Figure 12. CdS particle size distributions obtained from HRTEM
micrographs for (a) TH5 and (b) TMI , CdS-SiO2 composite
materials.
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Figure 13b

Figure 13. TIM micrographs from (a) TH15 and (b) T1440 CdS-SiOz

composite materials.
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Figure 14. HRTEN micrographs from a TEl CdS-SiO2 composite.j



6.2.4. SAXS Measurements

Results from TEM observations were combined with small

angle X-ray scattering (SAXS) measurementes , made using

synchrotron radiation in LURE (Orsay) facility. Data were

collected in a wide range of the scattering vector modulus

q(0.01-0.4 A- 1 ) around the primary beam.

Three different series of gels were studied by this

technique

They were prepared with a molar ratio TEOS/H20/FOR equal

to 1:4:4 and contained 15 mol % of Cd 2  with respect to SiO2.

Different ultrasonic doses were employed 50 Jcm- 3 (low-

dosed (LD)) for the first series , and 250 Jcm- 3 (high-dosed

(HD)) for the second series of sonogels.

The third series of gels was obtained by adding 50 volume

% ethanol with respect to TEOS to the LD sonogels. These last

samples were designated as "classic gels" due to the presence

of alcoholic solvent.

The samples were exposed to TAA at 40"C during 6 or 48

hours , thus obtaining gels with low and high exposure times

respectively. Ii

The curves of i ntlensity vs. scatering vector' modulus , q

(Fig 15) for these samples show a linear decany characteristic 1
of a low aggregation degree corresponding to a swollen I
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br';:ch*1e, rietiwor. The Table 1 7 shows the slope va]ue.s of the

log-log representation for these specimens. It is remarkable

that. the slope increases wi th the concentration of CdS

particles in the matrix. This fact is the consequence of the

fresh state of the gels at the moment of SAXS measurements.

The increase in intensity at small q is produced by a larger

porosity due to the presence of Cd 2 ÷ ions in the SiO2 matrix.

This behaviour is also detectable on the classic gels. The

electrostatic charge effects of Cd 2 + ions inhibit the

aggregation process , building a more open structure at -300 A 4
length scale.

On the other hand sonoge.l samples show a shoulder near

0.07 A-1 which indicates a correlation range of about 45 A

associated with a more homogeneous distribution than those in

classic gels. In order to obtain more information , Zimm

analysis (1/T(q) v.s. q2 ) ,of the SAXS intensities was made

(Fig.16). The gyration radii obtained for sonogels were in

agreement with the correlation length due to the shoulder in

log-log curves as shown in Table 17. In all cases for high q

values the Zimm representation , presents a deviation from

linearity characteristic of spherically shaped arrangements of

the clusters grown in the matrix.

6.2.4.1. Titchmarsh Transform

From SAXS data on polydisperse systems , a volume-weighted

particle size distribution can be calculated on the assumption

of spherically shaped particles from Zimm analysis , by means
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o f ;-I if] a rs i': ., [1 z I - r .. I

1(q). This inversion formula can be applied in a first-order

approach if the size of particles is quite different from thaft

of the porous matrix. Another kind of error arises from tthe

fact that the intensities are available only for a finite

interval , qsinq~qmax , rather than for all q . Therefore for

high q values , the intensity corresponds to the effects of

electronic density fluctuations due to the internal structure

and should not be used.

Experimental data were corrected from spurious background

contribution in the curve I(q) qn v.s. q , where n is the

Porod slope in a log-log plot , since it allows a constant

limit of I(q)qn to be calculated when q O , in order to

minimize the cut-off errors in the inversion formula.

Fig.17 show the Titchmarsh transform for sono arid classic

gels mentioned before. They show a good resolution in

sonogels. As it can be observed , the growth of a shoulder is-

noticeable at about 5 nm , due to the CdS particles in the

matrix , which can be considered as the crystallite size. The

classic samples seem to have a similar size-distribution for

both , UdS crystallites and SiO2 gel matrix whiich cannot he

distinguished by this method.

I
1
I
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Figures 15 , 16 and 17 concern SiOz-Cd2 * (without S2 - dopant)
and SiO2-CdS gels obtained by three different methods:

1.- Low-Dosed gels (LD) , submitted to 50 Jcm- 3 of ultrasonic
dose.

2.- High-Dosed gels (HD) , submitted to 250 JcM- 3 of

ultrasonic dose.
3.-"Classic Gels" , obtained from LD gels by adding 50 vol %

I EtOH with respect to Si02.

These gels were classified in three series depending on
I the method used in power their preparation. Each series

consisted of the following three specimens:

1.- SiO2-Cd2 * gel without S- dopant
1 2.- SiO2-CdS gel with low-exposure time (6 h) to TAA vapours

at 40"C
3.- SiO2-CdS gel with high-exposure time (48 h) to TAA vapours

at 40"C.

I

i l i D m IiI -,. • i - , - -
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Figure 15. Evolution of the diffused intensity , I , as a
function of the scattering vector modulus , q , for different
SiO2-Cd2 * and Si02-CdS gels.
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Without S2- dopant Low exposure High exposuretime to H2S time to HzS
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Figure 16. Zimm representation 1/1(q) v.s. qz;
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Figure 17. Particle-size-distribution , P(r) , as a function
of the particle radii , r;
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Table 17

Correlation length calculated from log-log curves and gyration
radii for "sono" and classic Si02-CdS gels.

Sample log-log Rg (rin)
slope Zimnm

without
dopant 1.60 4.4

Classic gels Low exposure
to H2S 1.52 3.5

High exposure
to H2S 1.71 3.5

without
dopant 1.63 4.5

LD sonogels Low exposure
to H2S 1.80 3.4

High exposure
to H2S 1.90 4.0

without
dopant 1.69 4.8

HD sonogels Low exposure
to "2S 1.92 4.4

High exposure
to H2S 1.97 4.6
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0.3. OpLtti& Chaructaerizatlon

6.3. 1 Ramna-n Spec troscopy

The following samples were studied by Raman spectroscopy:

S•O -CdS gels prepared from

:-TEO with Rw=4 , Rfor=4 and Cd 2 (moI %) 15 ,designated

as TEl5for

-TEOS with Rw=4 , Rdf==2 and Cd 2 +(%)-15 , designated as

TEl 5dmf

-TEOS with Rw=4 and Cd 2 +(%)=15 designated as TE15.

The pH of hydrolysis water was 1.5 and the ultrasonic dose

applied was equal to 250 J cm- 3 for all the samples.

From these analy.sis we observed:

- Weak bands at. about 485 and 605 cm- 1 from TEl5for sample

These bands suggest. the formation of the so-called Di

arid Dz defects in structure originating from vibrations

of cyclic, t.etra- and trisiloxanes , respectively.

- Specct.ra from samples TE15dmf and TEl5 only showed the

1P7, 1'm- hand

- TE.15t'or sample presented a line around 610 cm-1 which

cdo rioted tfhi existence of bulk CdS. This peak was not.

,I,,-,r-v0 in TEl5 sample and was strongly displaced

I-
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structure characteristics of each sample.

Rfaman spectra from TMI 5 and TM30 impregnated saiwpl )1

showed the same characteristic defect structure bands as Iri

the TE15for sample. The correponding band for CdS at 610 cm-r

was also observed.

6.3.2. Absorption Spectra

The optical absorption spectra of SiO2-CdS sono and

classic samples were measured with a CARY 2300

Spectrophotemeter UV-VIS-NIR and with a UV-VIS-NIR , Perkin-

Elmer LAMBDA-19 , in the 300-600 nm range

Fig 18 shows the absorption spectra for CdS-SiO2 doped

els obtained from TEOS or TMOS. The blue shift. of the

absorption band is clearly visible and we can obtain t.he

exciton energy from the absorption edge. The position of the

baand evidences that the semiconductor part. icIes si ze.s

fluctuate in the range of the CdS quantum confinement.

Tn general it. was observed that the absorption i n.reases

fot higher Cd°2 content. This was expected due t.o mc ili i ,on

concentration increase in the matrix , which >ecomes mot(

absorbent. Samples with 10 % Cd 2 * show a broader blue shi ft.

Fig. 19 and 20 represent this behaviour in terms of th--

absorption coefficient.
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Figure 18 Absorption spectra for Si02-CdS composite materials
j prepared from : (a) THOS , (TMX) and (b) TEOS (TEX) .The Cd2z°

,mol % , X , is indicated for each spectrum.
,All the samples were impregnated except the TE5 sample,

designated by (),which was stabilized in an oven at 80"C
for 24 hours.
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Figure 19. Optical absorption coefficient , a , v.s.

wavelength for SiOz-CdS composite materials prepared from THOS

and with different Cd2* mol % contents indicated in the

Figure. The absorption spectra correspond to those of Fig 16a.
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Figure 20.. Optical absorption coefficient , a , v.s.
wavelength.. r: SiOz-CdS composite materials prepared from TEOS
and with different Cd 2 * mol % contents indicated in the
Figure. The absorption spectra correspond to those of Fig 16b
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•, T}ou Jo was, observed for T4N .- aMples which shifted f romi

460 rim to 408 nim. Table 18 shows the ranges of the shifted

absorption band for different. Cd 2 l content. The measurements

(-o :e !'ned a-hok: t 15 samples for each (oinmpositiono .

A large blue shift towards 420 nm was observed in the

absorpt. ion edge for lower Cd 2 l content (TH15 samples). This

can be associated with an intensification of the absorption

edge (effective band gap) relative to the absorption at. higher

O(C-' r "y F , i• ns.

(.3.2.1.Ef'ro.s .and Efros Model

The Efros and Efros model is derived from the assumption

of spherical particles surrounded by an infinitely high

potent ial wall [13]. In our case , the previous results

ir• i(-ate t.hat i t is correct to apply it to our system which

,:-,rn be cons idere(d as consistjng of discrete CdS particles

s :mea t I e1"3 liin I0-3 run) surrounrded by amorphous silica which is

a dielecL ri c medium.

Si ze confinement occurs in the semiconductor sphere and

I lit re.su 1 i!ý that. the opt. ical 1 ines shift as a function of

'. :pl; nu-e rad i , as has been demornst. rated on the absorpt ion

spec t.r•x. Thij,,; Ithe WS quant um confinement will be strong for

parti ul,, sizes-; smaller Ihan 40 nm , medium when the size is

ess Ithain 0•0( nm and filnally particles with size greater than

1 nn ( ,p, . 1,ill pr'esent, weak ,)onfirnemenlt effects.
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Table 18

Shift range for gap -energy of CdS nanoparticles with different
Cd 2 * mol % contents X for sono (TMX ) and classic (CTMX) host
gels.

* Shift of
Sample Absorption

band
(nm)

TM140 460-435

TM30 450-427

TM15 444-420

CTM30 450-445

I
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h2

F Eg + -

8 /1 a 2

where

h is the Planck's constant.

E , the absorption threshold

Eg the band gap of the bulk materi'ill

I , the reduced mass between the electron and the hole

a , the particle size radii

A linear behaviour of the exciton energy as a function of

1/a2 is predicted. On this basis we have presented in Fig. 21

the exciton energy values obtained from the absorption spectra

with the particle sizes averaged from the electron microscopy

results. It shows that these experimental data can be fitted

quite well by a straight line with 4.78 eV m2 slope. .rcni

Efros and Efros equation this slope gives the effect ivi,

reduced mass ji. The calculated value from the Fig. 21 , p=0.50

is three times greater than that corresponding t.o the bulk

semiconductor. This ratio l.paprt ./IIbulk = 3 has been also

obtained by Nogami et a] . [8] for CdSe p1r't i cIes in si i fa

glasses.
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Figure 21. Plot of the exciton energy E, calculated from the
absorption spectra as a function of the radius averaged from
HRTEM photomicrographs. These experimental values fit quite
well to the Efros and Efros model , indicated in continuous
l ine.
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7.FINAL EVALUATION OF RESULTS



7.1. Ceramic-Ceramic Composites

The exp)erimental eva]uat.i on of the mechanical properties

for ceramic-ceramic composites gave a higher fracture strenglh

for hot.-pressed sampl]es tha7N for conventi onal1y s ni.e red

The matrix-fibre bonding obtained was found to be much

better i n the case of hot-pressed samples than for

conventionally sintered composites This was due to the

glassy and fluid state of the matrix during hot-pressing. The

best quality of the interfacial bond observed by SEM was

pr ese ,- cte d for composites made from ceramic felts by

inIfi lI rat ion process.

Th i mi;ni that the mniechanical properties of cerami c-ceranm ic

O Idi, -i t.r, -based compos i t es obt.a i ned by sonocatal yt i c approach

we%10 r, i,,"lucinced by several parameters. The most- important. were

ilie following

- Dris..;ific;i ion melhods (sinterinng ,hot.-pres:sing or HIP)

So inforc ing p-hases (short fibres or ceramic felts)

-- • lr'ix structlure (glass or crystalline)

Th, maX i maI fI I \xii ra I strength obta i ned for higgh

1'l;l. LutIIC , il s i. abi1 i Xd (ci omposi tes , at 1250 *C , was found to

ht- 4..t,.'i1 to 139 MPa for a CT7fZ30 composite.

r



I o o evrX e of" It C, wf h c ii .-.mi (".i I IIa rIacf t. Ir i st o c f seo rc i ic

:-;Impl I from so11o' . 1ows t al. t he f] Ixure t rorgt.h ran1 ge- s

"be orn a i nit n 5 5 MPa Po fr co o-rd i er i te a n d a o I u 1 2 0A

P, fo r -(] i C t 10 -to? sod :c, tll r :0m ii p o t

The coeffi i en t 0 of t.hermal e xpat-ns i on obh a i ned for

di ffer Cnt. (' p t ol.nposil . o ' r-- or thie same order as ihe thleoreti. ical

va] 0 for t)he cor-d icr io matrix 3 .7 10-6 °C-1 between 25 °C

and 1000"Cr) , nad o ther values r-epor ed elsewhere ror.

cordier toe and cordieri te-based composites.

Tt. can be observed that. the expansion coefficient

decreased when the temperature of heat-treatment. was increased

from 900°C to I300'C. This wa.s• attributed to the formation of

a-cordleriLte , the high-temperature st.able form of the matrix.

V e;;, ,t; eoe (mios Los wais higaher than

the a;-,.';igo val tit, ropor I ed for glass-ceramic materials , wi t.h

Hv = 500, to CO.C 1(,4 mm- 2 Thme exper-imental values obtained

r':.arm~c',l b .twe .•rm 7 lo m - 2 for, CTi 5A40 to 961 Kg mm- 2 for

C T 1 57)~

Th;. I Ii r f(r,,n(,•e i I fl. e t•woern comimpos it e, obtained from fillers

d i 1,!-W s i mo ;a rId mIo J! I (Ss i•e I ared b)y i I f i 1 t' rat i ng ce rami. c

fo I I qg' ;rl 1 :-, . he " it, mlu(hI groat.tr- (vina lity or i nterfac ial bond

f -I
111~1! r '. - F is+ f', Fi.. m;,em-s u:.d.', tn" i nf i I t.t'i t i on of reramhi c

how ove r , . Il ilci'a led a ho-'o , the re s i stance of these

i Ier i'}wIli,',d not onrly on I he preparation method but on



i n

h inherent. cha rncl P i iu in f -iur

cordierite possesses'- a low fractur- I oltghness , 1 75 4,p M /2

for cordierite sintered at 1 300 °r , and I .s 4Pn m-1 2 - for

* cord ieri te/ZrO2 50 % Vol composit.e), which rv.t0 Is ini their

* low mechanical resistan(' ( 445 .- :.).

In general the high mechanical strerigth of er a• ;" 00-rain ic's

is attributed to their fine-grain•ed microl.qrucit lro :inrd he

finer the grain size the higher tho mechanical strengt h the

grain size depending on the heat-t reatmner ; schedule.

A more exhaustive control of sonochemistry and ceramic

processing should lead to high performance materials with high

mechanical strength.

It has been demonstrated that a very effecti-e i n reaise ill

the mechanical characteristics of the cordierP;- > :,Igol

matrix can be easily obtained by infiliratin1rg a Ar-mV. fW !,

This method s.ems. pot~enlially c apable of ,ox o ;', higher

strength by reinforcing a glass or ceramiic matrix.,

7.2. Inorganic Composites for Optical Applications

The selection of starting materials and condil ions for

preparing an optimal SiOz sonoge] matrix wher'e- (dS

nanoparticies can be formed at. rnorn temlpe-rat"t was onr, of

the more important, aims of tiMe present work.

I



The impregnation of CdS doped silica gels grý'itly impuroedJ

th, pol ishing treatment and strengthened the sil ica tioleorýk.

The m'easuremnonts of opt. ical absorption spoct r, for th s-.

samples showed an important blue shift , up to 3.0.35 eV , i r

absorption band gap for TEOS-based with 5 % C'dS •Iw-

impregnated samples.

The radii of CdS microcrystallites obtained from Efro.s and

Efros' model were in the range of the experiment'al

distribution of particle size stablished from HRTEM , which

confirms the existence of quantum size effect.

I

IU ..
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8.FINAL CONCLUSIONS



1 fl~,

I . The soonoc-;-a .i I yI. i c approach f qr prepari n1g mechan i c:- I I y

resistant ceu'amini composites wi t h a cordieri t0- ri:o r'ix has beet)

rev'eal t-d to h)eo a I t.e na I i v, :-y o0f procC-ZuI I to t ha of

co11v•enit-iO I o (:n aIsIoIic sol - c, I iuit o '.

2. UIi rasonic -ac i at. ion provi des a conraol on gel at i on speed

avoiding segrega f i on of di sconl i nuous. !short. fihes

3. Not-pressing impn roves deny i f i :.'! i on a;I] hInc, t- hc.

mechan ical properties for compos ites.

4. Mechanical and thermal propert ies obi ai ned from hot-pressed

cordieri te sonoge is are comparable to those obtainE, from

samples obt.ained by direct melting Imethods.

5. Opt imization ir nwechanical res ig anc for cordien te frcm

sonogol s can he -h i evde by l imit ing to around i0 % wl . tIhe

concenit rat. ion of Ti 2 I iIi CIe ant I(" In "I I ..

6. T!"e in terfacial bond between the matir n and the reinforcing

phase cat, be opt imnized by infil n•. ion of ceramic felts with

the mnatri - sor• n-'('.].

7. The flexipNal s! rength of ho Zr.z i v era w i felt - reinforce-d

Cordieri l•, mat r i,, is highert Unan that of short fibre-

re i cfoi''1 cord i c ri e ncn• i p I . Tho formf'l shows ai- e r o

por i lty.



I 09

8 Sonogels wi t h molar ratios of TmO. I: I,-t 0O ,

which were respectively 1:10:0.45:3 , gave better texture and

stability qualities , necessary for optical applications.

9. Impregnattion of these gels subst ant ially 1mproved thei

physical and thermal stability and optical properties of CdS-

doped gels.

10. Temperature of the method of preparation was llower than

40oC.

11. Particle size of CdS increased considerably from soono (5

nm) , to classic gels (25-50 nm)

12. An important blue-shift was observed for these sonogels

which depended on Cd 2
4 concentration. The shift became largest

(0.5 eV) when Cd24 decreased to 5 % mol/mol SiO2,

13. The use of ultrasonic irradiation in so]-gel techniques-:;

has been demonstrated to be very promi sing for prepari nrg

advanced ceramic-ceramic composite materials.

I
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